Abstract-This paper describes different polymer-based approaches to improve the long term performance of intracortical neural interfaces. The advantages of these modified interfaces compared to the commonly used interfaces are identified and possible problems which can arise with these modifications are discussed. Furthermore, some new ideas which will be implemented within the framework of the recently founded Bernstein Focus Neurotechnology -Freiburg/Tuebingen are presented.
I. INTRODUCTION
Neural interfaces to the CNS offer new opportunities to treat several diseases like Parkinson's disease, depression, epilepsy or chronic pain and they can even help paralyzed patients to communicate with their environment [1;2]. To realize this, it is necessary to selectively interface a high quantity of neurons over years to allow selective and stable recording and stimulation.
While planar epicortical arrays are in use for pre-surgical epilepsy diagnostics [3] and tubular depth electrodes interface with deep brain structures [4] , micromachining techniques have been developed for penetrating electrodes with a large number of electrode sites. The "Michigan Probe" [5;6] and the "Utah Array" [7] are without doubt the best known penetrating electrode arrays. However, new arrays are under development, which also integrate microfluidic channels [8] . They all have in common a fabrication that is based on silicon technology, which provides the possibility for microscale precision, batch fabrication and on-chip circuitry. These arrays work successfully in acute in vivo experiments, but they lose their ability to record and stimulate neurons effectively over time. A possible reason for this disappointing behavior is assumed to be the stiffness of the silicon shanks [9] . There is a large mismatch in the Young's modulus of the stiff silicon shanks (~200 GPa) and the soft brain tissue (~6 kPa). The silicon shanks cannot adapt to the mechanical conditions of the brain tissue and hence micromotion of the brain due to breathing and the heart beat constantly injures the brain tissue. These injuries result in an increased tissue response, which benefits the formation of a glial scar and a "kill zone" for neurons around the probe [10] [11] [12] . The glial scar avoids the contact between the probe and the neurons and hence recording and stimulation is not longer possible. In this study we describe and discuss some new approaches to circumvent this problem with the use of polymers, in order to find a possibility to fabricate neural interfaces with a prolonged lifetime that can be used to treat the mentioned diseases effectively.
II. CURRENT RESEARCH
There are several approaches to improve the long term stability of intracortical neural interfaces. One way is to find new materials for electrode sites, which are able to transfer more charge at small geometric areas, to overcome the glial scar. Since the amount of safely transferable charge is limited with the commonly used electrode site materials, many groups focus on the development of tailored conducting polymers to increase the charge transfer. Cui et al. mainly dealt with the polymer polypyrrole (PPy) [13] [14] [15] [16] . They started with the electrochemical deposition of PPy, doped with polystyrene sulfonate (PSS), onto electrode sites of the "Michigan Probe". With this technique they were able to decrease the magnitude of impedance of the electrode sites compared to the flat gold electrode sites [13] as a result of an increased effective surface area. Furthermore, they showed that the charge delivery capacity (Q CDC ) of this PPy/PSS film was with 186 mC/cm² much higher than that of iridium oxide (30 mC/cm²). Another approach to improve the long term performance of intracortical neural interfaces is to enhance the attachment of neurons to the electrode sites, since a strong mechanical connection between the electrode surface and the neurons may prevent the formation of a non-conductive boundary layer. Hence, Cui replaced PSS with biomolecules like fibrinogen or laminin fragments [14] , which led to a preferred and selective attachment of human neuroblastoma cells and rat glial cells in vitro. The research of Kim et al. [17] covered another relevant aspect in improving the long term stability of intracortical neural interfaces. They used a hydrogel scaffold as a buffering layer between the stiff electrode and the soft brain tissue. They demonstrated that the impedance of the hydrogel coated electrode was only slightly higher than the impedance of the uncoated gold electrode and in acute in vivo recordings from the cerebellum of guinea pigs it was shown that the coated probes could transport charge as efficiently as the uncoated probes. With PPy/PSS grown into this scaffold onto the electrode sites, the impedance could even be decreased and the charge delivery capacity was increased to 560 mC/cm². Since in vivo studies of PPy/peptide coated neural probes showed that PPy undergoes subtle changes in chemical structure, what results in a decreased conductivity [15] , research focused on another conducting polymer called poly(3,4-ethylenedioxythiophene) (PEDOT). Cui and Martin showed that PEDOT coatings have a much better electrochemical stability than PPy, but are also able to decrease the electrode impedance and to integrate bioactive peptides to improve the attachment of neurons [18] . In stimulation experiments it was also shown, that PEDOT films have a charge injection capacity much better than that of thin film platinum and comparable to that of IrO x and TiN [19] . Furthermore, it was found out that PEDOT coated electrode sites provide suitable signal-to-noise ratios due to the reduced impedance [20] .
Aside from the use of conducting polymers to overcome the glial scar through an increased charge transfer, there are other approaches, which try to reduce the tissue response and hence the formation of a glial scar or try to attach neurons onto the electrode sites. Winter, Cogan and Rizzo investigated the use of biodegradable, neurotrophin-eluting hydrogels made of poly(ethylene glycol)-poly(lactic acid) (PEGPLA) to improve the neuron-electrode proximity [21] . They had promising results in vitro with neurotrophin eluting over four weeks and hence increased attachment of neurons without changing the electrochemical properties of the electrodes too much.
The concepts mentioned above all have one thing in common. They try to solve the problem of increased tissue response induced by the stiffness of the silicon substrate. A completely different approach is to use flexible substrate materials like polyimide or parylene C instead of silicon. The use of flexible materials would minimize the injury of brain tissue due to micromotion and hence may minimize the formation of a glial scar [9] . The technology to fabricate flexible thin film polyimide electrodes is already established [22] . However, the use of this kind of substrate material is accompanied by further challenges. It is difficult to insert flexible probes into the cortex. In particular cases this is possible [23;24] , but the insertion is limited to a certain depth and not easy to handle. A possibility to simplify the insertion is to bend the electrodes [25] to improve the stiffness but to have electrodes that are flexible enough to adapt to the mechanical conditions of the brain tissue. Takeuchi et al. [26] used a parylene C based probe with integrated microfluidic channels, which were filled with polyethylene glycol (PEG) before insertion. PEG is solid at room temperature and dissolves in contact with water. With this method they were able to insert the probe into a rat's cortex. Lee et al. [27] used polyimide as substrate material and attached a 5-10 µm thick silicon backbone layer to the tip of the electrode to simplify the insertion of the probe. This stiff segment was followed by a flexible one without a silicon backbone layer, which was intended to accommodate the micromotion between brain tissue and skull. This probe was robust enough to penetrate the rat's pia without buckling.
III. DISCUSSION
The approaches described above offer promising possibilities to improve the long term stability of intracortical neural interfaces. However, most of them were tested only in vitro or in short term in vivo experiments. It is still not known how these newly developed electrodes behave when they are chronically implanted into the human brain. Table  1 lists the different approaches with respect to their advantages and the problems which can arise with them.
PPy does not seem to be suitable for long term use in intracortical neural interfaces. In spite of the fact that it has some interesting properties like a high conductivity, good biocompatibility and controllable surface properties, its electroactivity is not stable long term, as it was shown in cyclic voltammetry experiments [18] . PEDOT is more stable than PPy, but it still undergoes chemical changes over time and hence the good recording and stimulation properties got lost. It is not known how these chemical changes influence the biocompatibility of the conducting polymer. Delamination of the electrochemically deposited PEDOT to the underlying metal electrode sites seems to be an additional problem [19] . Hydrogel coatings onto the whole electrode shanks can serve as buffering layers between the stiff shank and the soft brain tissue and they offer the opportunity to integrate bioactive species, which may provide the cell attachment. However, the increased thickness of a hydrogel coated electrode can result in further problems. A thicker electrode means the damage of more neurons during insertion and it was shown in different studies that the tissue response to an implanted electrode depends on its size [28;29] . Furthermore, a coated electrode shank can result in impaired charge transfer properties due to the additional impedance of the coating. Flexible substrate with silicon backbone Simplified insertion into brain tissue Impaired flexibility [27] The overall problem of porous surfaces, which appear in electrochemically deposited conducting polymers or hydrogel coatings, is that bacteria can settle in the pores and because these pores are too small for macrophages to penetrate, this may lead to a specific response of the immune system with chronic inflammation around the implant.
The use of flexible thin film substrate materials like polyimide instead of silicon would solve the problem of increased tissue damage due to micromotion of the brain, but the methods mentioned above to simplify the insertion of such a flexible probe have yet to be refined, because they are accompanied with an impaired flexibility after implantation or an increased probe thickness. A possible approach to solve this problem would be the application of probes with variable stiffness, either by active actuation principles [30] or by resorbable polymer coatings, which improve the stiffness for insertion and degrade with time, when the probe is already implanted. Within the framework of the recently founded Bernstein Focus Neurotechnology -Freiburg/Tuebingen we intend to develop such probes and try to combine and refine the concepts mentioned above to receive long term stable electrodes, which can be used to treat several diseases in the future.
IV. CONCLUSIONS
There are a lot of promising approaches to improve the long term performance of intracortical neural interfaces. However, their effectivity was tested only in short term experiments in the most cases and it is not known how these newly developed probes behave when they are chronically implanted in the brain. There remains much work to do to understand the basic principles and to engineer the interface. Existing concepts must be refined and new ones have to be developed to ensure that intracortical neural interfaces will work reliably to treat several diseases in the near future.
